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Summary 

: 

A versatile large-signal, two-dimensional computer program 
is used by NASA to model coupled-cavity traveling-wave tubes 
(TWT’s). In this model, the electron beam is divided into a 
series of disks, each of which is further divided into axially 
symmetric rings which can expand and contract. The trajec- 
tories of the electron rings and the radiofrequency (RF) fields 
are determined from the calculated axial and radial space- 
charge, RF, and magnetic forces as the rings pass through a 
sequence of cavities. By varying electrical and geometric 
properties of individual cavities, the model is capable of 
simulating severs, velocity tapers, and voltage jumps. The 
calculated electron ring trajectories can be used in designing 
magnetic focusing and multidepressed collectors. The details 
of using the program are presented, and results are compared 
with experimental data. 

Introduction 
A one-dimensional computer model for a coupled-cavity 

traveling-wave tube was developed at NASA in the 1970’s 
(refs. 1 and 2) and was used to design the traveling-wave tube 
for the NASA Communications Technology Satellite (CTS). 
In 1984, O’Malley (ref. 3) revised the model by simulating 
the electron beam with axially symmetric rings of electric 
charge which could expand or contract in the presence of a 
magnetic field. In the present study, the model has been further 
revised to allow (1) a tube with up to 200 cavities to be 
simulated, (2) magnetic pole pieces to be of different radii than 
the tunnel tips, and (3) magnetic periods to be independent 
of cavity periods in periodic permanent magnet (PPM) 
focusing designs. O’Malley referred to the model as three- 
dimensional since the electron rings travel in the axial 
direction, expand and contract in the radial direction, and rotate 
in the azimuthal direction. However, since the rings are axially 
symmetric and there is no azimuthal dependence, it is more 
accurate to refer to the model as two-dimensional. 

In this model, the electron beam is divided into a series of 
disks, each of which is further divided into axially symmetric 
rings. The trajectories of the electron rings and the RF fields 
are determined from the calculated axial and radial space- 
charge, RF, and magnetic forces as the rings pass through a 
sequence of cavities. Each cavity has individually entered 
geometric and electrical parameters. This enables the model 

to simulate severs, voltage jumps, and velocity taper designs. 
With the original one-dimensional model, Connolly and 

O’Malley (ref. 1) showed that the calculated small-signal gain 
as a function of frequency for the CTS TWT compared well 
with the experimental data. Even better agreement is expected 
with the two-dimensional model because the radial space- 
charge, RF, and magnetic forces can be simulated. Further- 
more, modeling both the axial and the radial component of 
the electron beam trajectory is essential in designing magnetic 
focusing or a multidepressed collector at the tube output. 

In this report, a description of the physical formulation of 
the model is reviewed, and the mechanics of utilizing the 
computer program are detailed and updated. The accuracy of 
the two-dimensional model is verified by comparing its results 
with those of the one-dimensional model and with the 
experimental data for the CTS coupled-cavity traveling-wave 
tube. 

Symbols 
tunnel radius 
inner radius of magnet stack 
magnetic field 
axial magnetic field at pole piece radius and midpoint 

initial team radius 
velocity of light 
electric field 
frequency 
half-length of @ magnetic gap 
beam current 
ring index ( j  = 1, 2, 3 refers to inner, middle, and 
outer ring) 
cavity length 
half-length of @ cavity gap 
ring mass 
electric field shape parameter 
number of cavities in TWT 
number of disks in a beam wavelength 
number of axial divisions in cavity 

of gap 
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magnetic period 
average power flow in forward direction 
input power 
ring electric charge 
number of rings per disk 
centroid radius 
ring radial velocity 
initial radius of outermost ring 
inner radius of j" ring 
outer radius of jth ring 
time of arrival of i" ring at axial position Zn,k 

relativistic factor 
beam velocity 
backward propagating voltage in Kth cavity 
amplitude of voltage across gap in K" cavity 
forward propagating voltage in Ph cavity 
beam voltage 
backward induced voltage in Ph cavity 
forward induced voltage in Ph cavity 
wave phase velocity 
total interaction impedance for Ph cavity 
axial distance 
ring axial velocity 
length of axial division in Ph cavity, L K / N ,  

CY + j p ,  propagation constant 
A, beam wavelength 
P magnetic field shape parameter 
Q ring azimuthal velocity 
$( r , z )  axial magnetic flux through ring 
$c cathode flux at outermost ring 
w angular frequency 

- 

Subscripts 

b backward 
f forward 
in inner 
K,m cavity numbers 
out outer 
RF radiofrequency 
r radial 

SC space charge 
VJ voltage jump 
Z axial 
cp azimuthal 
0 initial 

Description of Model 
The theory and mathematical derivation of the governing 

equations for the two-dimensional model is documented in 
detail by O'Malley (ref. 3). In this section, the procedure for 
the solution of these equations is reviewed and summarized. 

Figure 1 illustrates the model. The electron beam is divided 
into a series of disks, each of which is divided into a maximum 
of four axially symmetric rings. The beam trajectory is 
described by following the rings contained in a single beam 
wavelength, which is equal to u0/J where u0 is the initial 
beam velocity and f is the frequency of the RF signal. The 
axial thickness of all rings remains equal and constant at 
h,/Nd, where A, is the beam wavelength and Nd is the number 
of disks in a beam wavelength. The rings expand and contract 
radially and may penetrate each other in both the radial and 
axial directions. When the rings enter the tube they have the 
same charge and the same cross-sectional area. The axial and 
radial thickness of a ring is taken into account only in the 
modeling of beam interception and in the calculation of space- 
charge forces. For all other forces, it is assumed that the charge 
and mass of a ring are concentrated at the ring's centroid 
radius. The initial centroid radii are given by 

2j - 1 
r .  J = 4, bo j = 1, ..., R 

where R is the number of rings per disk and bo is the initial 
beam radius. The inner and outer radii of the rings are given by 

Figure 1 .-Model of coupled-cavity traveling-wave tube 
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2j - 2 
rin,j - -4- 2j - 1 rj j = 1, ..., R (2) 

rout,j = rj j = 1, ..., R 
2j - 1 (3) 

Note that the inside "ring" is actually a disk; that is, its inner 
radius is zero. 

The tube body is modeled as a conducting tunnel of radius 
a divided axially into a series of discrete cavities, where the 
length of the cavity is LK. In the center of each cavity is 
a gap of length 2&. Impressed across the Kth gap is a 
complex voltage VKe". 

The procedure for calculating the electron beam trajectories 
and cavity voltages in the model is summarized in the following 
steps: 

(1) The input data for the beam and cavities are read into 
the model. The details of entering the input parameters are 
presented in the next section. 
(2) Space-charge tables are calculated. The space-charge 

force on a ring of centroid radius rl and electric charge q1 
due to a ring of centroid radius rz and electric charge q2 
located an axial distance z away is given by equations (39) 
to (41) of reference 3. Using these equations for calculating 
space-charge forces on each integration step would be very 
time consuming. Thus space-charge tables are calculated for 
discrete values of r l ,  r2, z ,  and j (j is the ring index; for 
example, if there are three rings per disk, j = 1,2, and 3 refers 
to an inner, middle, and outer ring, respectively). During the 
computer simulation, the space-charge force on one ring due 
to another is calculated by using linear interpolation with the 
appropriate table. 

(3) For the Ph cavity, tables of coefficients are calculated 
for the RF electric field, the voltage-jump electric field, and 
the beam-wave interaction fieid. These coefficients are 
evaluated for an array of r and z values and stored in tables 
when cavity K is entered. The tables are interpolated in a later 
step to calculate the forces. 

In reference 3, the RF electric field coefficients are given 
by equations (59), (62), and (63); the voltage-jump coefficients 
by equations (74), (76), and (77); and the beam-wave 
interaction coefficients by equations (59) and (12 1). 

(4) A first approximation for the induced voltage in cavity 
K due to the electron beam is calculated. The total induced 
voltage in the Irh cavity consists of a forward induced voltage 
component AVLK, which propagates in the forward direction, 
and a backward induced voltage component AV,,,, which 
propagates in the backward direction. A first approximation 
to AVJK is obtained by assuming that the rings have constant 
velocities in the cavity. 

Thus 

n = 1, ..., N, (4) 

where ri(z,,K) is the time of arrival of the ith ring at the axial 
position z , , ~  and dti ( z l ,K)  /d z  = 1 /i (z l ,K)  is the reciprocal of 
the velocity of the i" ring at the axial position z ~ , ~  The axial 
position is defined by 

where N, is the number of axial divisions in the cavity, Nc 
is the number of cavities in the TWT, L, is the length of the 
mth cavity, and AzK is the length of an axial division in the 
@ cavity, where AzK = LK/N,. With the approximation of 
equation (4) the forward induced voltage AVJK is calculated 
from equations (126) and (127) of reference 3. 

For a forward propagating wave in the passband of a uniform 
structure in the absence of the electron beam, Floquet's 
Theorem gives 

where Vf,K is the forward propagating voltage in the Irh 
cavity, a + jPl is the complex propagation constant, and L 
is die cavity length. When the voltage indiiced by thc beam 
is added and the differences in impedances between cavities 
are taken, the forward propagating voltage is 

where the factor 
conserved. In the first cavity K = 1, 

ensures that power flow is 
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where Z 1  is the total interaction impedance and Pi, is the input 
power. 

(5) In this step, the ring trajectories are calculated from the 
equations of motion. 

The axial and radial equations of motion are respectively 

+ ESC,r f EVl,r + r@Bz) 
dt2 

where q is the ring electric charge; m is the ring mass; 

i2 + t2 + r2+’ 
c2 

(1 1 

where c is the velocity of light; 

where rc/ ( r , z )  is the axial magnetic flux through the ring; B,, 
B,, and B, are axial, radial, and azimuthal components of the 
magnetic field, respectively; ERF,, and ERF,, are axial and 
radial RF electric field; Evr,z and Evj,, are axial and radial 
voltage-jump electric field; Esc,z and Est,, are axial and 
radial space-charge electric field; and Uz and U, are axial and 
radial relativistic factors. 

The initial axial velocity for each ring in cavity K = 1 is 

where bo is the initial beam radius, and the initial beam 
velocity is 
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where c is the velocity of light, Iq/mI is the charge to mass 
ratio, and Vo is the beam voltage. The initial azimuthal 
velocity of each ring is 

where rc/c is the cathode flux at the outermost ring and rR,o is 
the initial radius of the outermost ring. 

The cavity is divided into N, equal parts of length AzK. By 
using finite differences with z as the independent variable, 
equations (9) and (10) are integrated to the end of the cavity. 
At the end of each integration step, the solution is checked 
for beam interception. If the outer radius of a ring exceeds 
the tunnel radius a,  then the outer radius is redefined to be 
a, and the portion of the ring located beyond r = a is assumed 
to be intercepted. The centroid radius for the remaining partial 
ring is redefined by 

(6) After the beam ring trajectories have been calculated 
for a cavity, a better approximation to the induced voltage is 
obtained from equations (126) and (127) of reference 3. If the 
new value of V’K differs from the old value by more than a 
predetermined amount (expressed by TOLDV in input), step 
5 is repeated until the value converges. Then the backward 
induced voltage is calculated from equations (124) and (128) 
of reference 3. The AVb,K’s are stored for use in the next pass 
through the tube. 

(7) Steps 3 through 6 are repeated for each cavity in 
succession to the end of the tube. If cavity K + 1 has the same 
input parameters as cavity K ,  the tables in step 3 do not need 
to be recalculated. 

(8) After Av,,K for the last cavity K = K2 is calculated, the 
backward voltages are determined for all the cavities from the 
stored AVb,K’S. For the last cavity 

Then proceeding backwards to the first cavity K = 1 
r 

K = K2 - 1 ,  K2 - 2, ..., 1 (18) 
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(9) After all the vblb.K’S have been calculated, a second pass 
is made through the tube. The second pass yields a new set 
of AVb,, that can be used for calculating a set of vb,K for a 
third pass. As many passes as necessary to obtain convergence 
are performed. 

Model Input 
Three types of magnetic focusing fields can be modeled: 

(1) uniform solenoid focusing, (2) single-period periodic 
permanent magnetic (PPM) focusing, and (3) double-period 
PPM focusing. 

For uniform solenoid focusing, the magnetic field is given by 

where the constant Bo (BO) is a program input. 
Figure 2 shows the geometry and axial magnetic field for 

single-period PPM focusing. The gap length between magnets 
is 2g (TWOGCM), the inner radius of the magnet stack is ii 
(ABARCM), the magnetic period is P (LMAGCM), and the 

t 

-P- 

Ring 
magnet 7 

\ 

-P- 

Figure 2.-Geometry and axial magnetic field for single-period PPM focusing. 

magnetic shaping factor is ji (MU). The axial magnetic field 
at the pole piece radius and midpoint of the gap is Bo (BO). 
The magnetic field components B, ( r,z) and Br ( r,z) are then 
given by 

n = l  

where Zo(knr) and Zl (k,,r) are modified Bessel functions, 

27r 
k,, = - 

P 

with P the magnetic period, and 

8Bo@ sinh jig cos k,g + k, cosh pg sin k,g]  
, 

a, = n odd (24) 

0, n even 

Alternatively to entering B, (r,z) at r = a, measured on-axis 
values B, (0,z) over a magnetic period can be entered (as the 
input parameter BZDATA). 

6, G , Z )  

t 

- P * 

- * 
Figure 3.--Geometry and axial magnetic field for double-period PPM focusing. 
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Figure 3 shows the geometry and axial magnetic field for 
double-period PPM focusing. The magnetic field is given by 
equations (21) and (22) with 

I 
na 

2 cos - (8Bo) (ji sinb j ig cos k,g + k, cosh j ig sin k,g) 

, n odd 

n even 

As before, the measured on-axis values B,(O,z) over a 
magnetic period may be entered instead. 

Descriptions of the program input parameters are given as 
follows: 

Name 

ABARCM 

ACM 
ALPHL(K) 

ALPHLR(K 

BOW) 

BlLDP(K) 

BCM 
BZDATA(1) 

DRDZ(1) 

6 

Description 

Inner radius, a, of magnet stack from iron 
pole piece to tube axis, cm. ABARCM 
needs to be loaded only if NBZDAT = 0 

Tunnel radius, a, cm 
Power attenuation of forward wave in going 
from cavity K to cavity K + 1, dB/cavity; 
K = 1, LASTCV. To simulate a sever, a 
large value (e.g., 350 dB) is chosen for 
ALPHL in the sever cavity 

Power attenuation of backward wave in 
going from cavity K + 1 to cavity K, 
dB/cavity; K = 1, LASTCV. ALPHLR 
needs to be loaded only if KLOSS = 1 

Axial magnetic field at inner radius of 
magnet stack and midpoint of gap in Kh 
magnetic section, Bo, T; K = 1, 
LASTMG. BO(K) needs to be loaded only 
if NBZDAT = 0 

Phase shift of voltage for cavity K divided 
by a, (/3,L)K/~, rad; K = 1, LASTCV 

Initial beam radius, bo, cm 
Experimentally obtained value of axial 
magnetic field on the axis for NBZDATA 
equally spaced data points. I = 1 corre- 
sponds to the beginning of a magnetic sec- 
tion, and I = NBZDATA + 1 corre- 
sponds to the end of a section. 
BZDATA(1) needs to be loaded only if 
NBZDAT # 0 

Initial value of dr/dz for Ith ring; I = 1, 
NRINGS. I = 1 corresponds to the inner- 
most ring 

FREQGH 
IOBMA 
JSCF 

KAV13 

KIMP 

KLMAG 

KLOSS 

KPPM 

KPRINT 

KREL 

KSMSIG 

KSPACE 

Frequency, GHz 
Beam current at tube entrance, Zo, mA 
Number of integration steps between cal- 

Number of the first cavity in the two- 

KAV 13 = 1 : two-dimensional model 
KAV 13 = LASTCV + 1 : one-dimensional 

model 
KIMP = 0: Pierce impedance is entered as 
input in ZIMP 

KIMP = 1: total impedance is entered as 
input in ZIMP 

KLMAG = 0: cavity lengths and magnetic 
sections coincide 

KLMAG = 1: cavity lengths and magnetic 
sections do not coincide 

KLOSS = 0: ALPHLR(K) is set equal to 
ALPHL(K); thus ALPHLR(K) does not 
need to be loaded. This is the usual case 

KLOSS = 1: the backward wave attenuation 
is given by ALPHLR(K) 

KPPM = 1 : single-period PPM focusing is 
to be used 

KPPM = 2: double-period PPM focusing is 
to be used 

KPRINT = 0: print input data 
KPRINT = 1: do not print input data 
KREL = 0: use relativistic equations of 
motion 

KREL = 1 : use nonrelativistic equations of 
motion 

KSMSIG = 0: do not print small-signal 
parameters 

KSMSIG = 1: print small-signal param- 
eters 

KSPACE = 0: calculate space-charge 
forces 

KSPACE = 1 : set space-charge forces equal 
to zero 

culations of space-charge forces 

dimensional region 



KSOLEN 

KVEL(1) 

KWRITM 

KWRITV 

LASTCV 
LASTMG 

LCIRCM (K) 

LGAPCM(K) 

LMAGCM(K) 

MSHAPE(K) 

KSOLEN = 0: use PPM focusing 
KSOLEN = 1: use solenoid focusing; 
Bz = BO, B, = 0 

Number of cavity for Ith printout of 
normalized axial velocities of rings; 
I = 1, NVEL 

KWRITM = 0: do not print normalized 
masses of rings 

KWRITM = 1 : print normalized masses of 
rings whenever normalized axial velo- 
cities of rings are printed 

KWRITV = 0: do not print normalized 
radial velocities of rings 

KWRITV = 1: print normalized (to initial 
axial velocity) radial velocities of rings 
whenever normalized axial velocities of 
rings are printed 

Number of last cavity (LASTCV I 200) 
Number of magnetic sections (LASTMG 
I 200). A magnetic section is one-half 

of the magnetic period for single-period 
PPM focusing and one-fourth of the 
magnetic period for double-period PPM 
focusing 

Length of €@' cavity, L K ,  cm; K = 1, 
LASTCV 

Length of gap in €@' cavity, 2&, cm; 
K = 1, LASTCV 

Length of Kth magnetic section, cm; 
K = 1, LASTMG. LMAGCM(K) needs 
to be loaded only if KLMAG = 1 

Electric field shape parameter for @ 
cavity, iii, m-'; K = 1, LASTCV; with 
ratio 

where m = MSHAPE(K) and P is half- 
length in meters of Ph cavity gap. (This 
formulation is discussed in detail in 
reference 4.) For blunt tunnel tips, 
MSHAPE = 1 

Magnetic field shape parameter for Kth 
magnetic section, ji, m-';  K = 1, 
LASTMG; with ratio 

where p = MU(K) and g is half-length in 
meters of Kth magnetic gap. MU(K) 

NBWM 

NBZDAT 

NCAVSS 

NDISKS 

NMAX 

NPGRID 

NPSC 

NRINGS 
NVEL 

NXGRDl 

NXGRD3 

NXMAG 

PCDPA 

PINDBM 
TOLDV 

needs to be loaded only if NBZDAT = 0. 
For a ratio equal to one, set MU = 1 

NBWM = 0: no backward wave 
NBWM > 0: number of last cavity con- 

sidered in calculating backward wave 
NBZDAT = 0: magnetic fields are deter- 
mined by input data BO and MU 

NBZDAT > 0: magnetic fields are deter- 
mined from experimental data. The num- 
ber of experimental data values for 
the axial magnetic field on the axis is 
NBZDAT + 1 (NBZDAT I 100) 

Number of cavity for which small-signal 
parameters are calculated 

Number of disks in beam wavelength 
(NDISKS I 24) 

Number of terms in summations stored in 
tables, excluding space-charge force 
tables and magnetic field tables 
(NMAX I 40) 

Number of grid points in radial direction 
is NPGRID + 1. Refers only to the grid 
for calculating forces on rings due to 
electric and magnetic fields (NPGRID 
I 20) 

Number of grid points in radial direction 
is NPSC + 1. Refers only to grid for 
calculating forces on rings due to space- 
charge fields (NPSC I 20) 

Number of rings per disk (NRINGS I 4) 
Number of cavities for which ring axial 
velocities are printed out 

Number of grid points in axial direction 
per cavity in one-dimensional region 
(NXGRDl I 64). NXGRDl must be a 
multiple of four 

Number of grid points in axial direction 
per cavity in two-dimensional region 
(NXGRD3 I 64). NXGRD3 must be a 
multiple of four 

Number of grid points in axial direction 
per magnetic section (NXMAG I 64, 
normally the same as NXGRD3). 
NXMAG must be a multiple of four. 
NXMAG needs to be loaded only if 
KLMAG # 0 

Cathode flux parameter is the ratio of the 
magnetic flux linking a disk defined by 
the beam's radius at the cathode to that 
linking a disk defined by its radius at the 
input plane of the interaction region 

Input power, Pi,, dBm 
Error criterion for determining whether an 
additional pass through a cavity is required. 
If 



then an additional pass is made. Typical 
value, 0.025 

Error criterion for determining whether the 
frequency of calculating space-charge 
forces should be doubled (ref. 3). Typical 
value, 0.025 

Error criterion used in electric and mag- 
netic field tables for determining the 
number of terms to include in series 
(ref. 3). Typical value, 0.001 

Length of gap in f?' magnetic section, 
2g, cm; K = 1, LASTMG 

TOLSC 

TOLTBL 

TWOGCM(K) 

VOB Beam voltage, VO, V 
VJUMP(K) 

ZIMP(K) 

The dc voltage jump for Ph cavity, V; 
K = 1, LASTCV 

KIMP = 0: ZIMP(K) is Pierce, or beam- 
coupling, impedance in ohms for the Kth 
cavity (ref. 5, eq. (10.1.19)); K = 1, 
LASTCV 

KIMP = 1: ZIMP(K) is the total inter- 
action impedance in ohms for the Kth 
cavity; K = 1, LASTCV. The total inter- 
action impedance for the Kth cavity is 
defined by 

where VK is the amplitude of the voltage 
across the gap and Pf,K is the average 
power flow in the forward direction 

Model Output 
The program output includes three parts: the printing of 

small-signal parameters (if KSMSIG = l), a cavity-by-cavity 
printing of selected data, and the printing of data on ring 
dynamics at selected cavities. 

The small-signal parameters (refs. 5 and 6 )  are as follows: 

Name Description 

uo 
BEB 

Initial beam velocity, uo, m/sec 
Product of beam propagation constant and 
beam radius, (co/u0)bo, where o is 
angular frequency and bo is initial beam 
radius 

Product of wave propagation constant and 
beam radius, (w/v,)bo, where v,, is wave 
phase velocity 

B1B 

KP Pierce impedance, 0 
zc Total impedance, Q 
C Pierce's gain parameter, C 
B Pierce's b, ( uo - v,,) /v,C 
D Pierce's loss parameter, d 
DGAIN Small-signal gain per cavity, dB/cavity 
QC Pierce's space-charge parameter, QC/C 
A1A2 Launching loss, A I  + A*, dB 

The following data are printed for each cavity: 

Name Description 

CAV 
VMAG 
ISMAG 

ISPHA 

LSGAIN 
POUT 
AVERHO 

RMSANG 

RMSVEL 

PKE 

INTRC 

PRF 
PBW 
PLC 

PBAL 

Cavity number 
Magnitude of gap voltage, V 
Magnitude of induced current normalized 
to input current 

Phase of normalized induced current 
divided by T ,  rad 

Large-signal gain, dB 
Output power divided by ZoVo 
Average of the ring centroid radii divided 
by tunnel radius 

Root mean square (RMS) value of the 
angle that the velocity vectors of the rings 
make with the axis, deg 

Root mean square (RMS) value of the 
normalized radial velocities of the rings 
with respect to the initial axial velocity 

Change in beam kinetic power from initial 
beam kinetic power divided by ZOVO 

Power loss due to beam interception 
divided by ZoVo 

Power in forward wave divided by ZOVO 
Power in backward wave divided by ZOVo 
Cumulative power loss (except for loss due 
to beam interception), divided by ZOVO 

Power balance equal to 

(30) 
PKE - PJUMP + PRF + PBW + PLC + INTRC 

1 +  
IOVO 

where PJUMP is the cumulative power due 
to all the voltage jumps up to the current 
cavity 

Number of integration steps between cal- 
culations of space-charge forces 

sc 

At selected cavities, the following data are printed: 

Normalized axial velocities Axial velocities normalized 
with respect to the initial 
beam velocity 

Radial velocities normalized 
with respect to the initial 
beam velocity. Printed only 
if KWRITV = 1 

Normalized radial velocities 
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Normalized ring masses Ring masses normalized with 
respect to initial ring mass. 
Printed only if KWRITM 
= 1  

Ring radii normalized with 
respect to tunnel radius a 

Ring radius divided by a 

25 

Modeling the CTS Tube 

’ 

I 

To test the model, it was used to simulate the 
Communications Technology Satellite (CTS) traveling-wave 
tube (ref. 7), which is a 200-W, 12-GHz TWT with 58 cavities 
and 3 sections, with the output section containing 3 velocity 
tapers. The geometric dimensions and electrical parameters 
from 12.00 to 12.20 GHz in 50-MHz intervals for each of 
the 58 cavities are given in tables I to IV of reference 1. A 
sample input dataset and its resulting output are shown in the 
appendix. 

Figure 4 shows the experimental small-signal gain as a 
function of frequency at 0-dBm input power drive, 11.3-kV 
cathode voltage, and 71-mA beam current (ref. 1). Connolly 
and O’Malley compared this curve to that obtained with their 
one-dimensional model. Their results can be duplicated by 
setting KAV13 = 59, wherein this model reverts back to one- 
dimensional. The small-signal gain as a function of frequency 
both with and without a backward wave included is shown 
in figure 4. These results duplicate those of Connolly and 
O’Malley. The results without backward wave are simply those 

Model 
0 One-dimensional 
0 Two-dimensional, one r ing 
A Two-dimensional, three rings 

- Experiment 

m 

i 
35 

.- m cn 

Solid symbols denote no  backward wave 
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obtained after just one integration pass through the tube. To 
obtain the results with backward wave, multiple passes through 
the tube were performed until the solution converged. At the 
low end of the frequency band there was a significant 
difference between results with and without backward wave, 
and approximately ten passes were needed to obtain con- 
vergence. Through the rest of the frequency band the back- 
ward wave did not make a significant contribution, and only 
a few passes were needed. 

The one-dimensional model with backward wave simulates 
experimental small-signal gain as a function of frequency very 
well except for a ripple. It is believed that this ripple was 
primarily due to wave reflections between the output coupling 
cavity and the last sever. The model does not presently have 
the capability to model this reflection. 

To utilize the two-dimensional capability of the model, it 
is necessary to specify the magnetic field. A double-period 
PPM design is used in which there are four cavities per 
magnetic period. The inner radius of the iron magnetic pole 
pieces is equal to that of the tunnel radius and gives 
ABARCM = ACM = 0.0635. Figure 5 (from ref. 7) shows 
that the measured magnetic field at the axis was approximately 
0.15 T over the first 29 cavities and 0.22 T over the second 
29 cavities. For double-period PPM focusing, the program 
requires that the magnetic field input data be grouped in 
sections of four. Thus to model this magnetic focusing, the 
input parameter BO (which is specified at the inner radius of 
the magnet stack) was chosen to give a maximum magnetic 
field at the axis equal to 0.1500 T over the first 28 cavities 
and equal to 0.2200 T over cavities 29 through 58. To 
determine the proper value of BO, the ratio between the 
maximum magnetic field at the magnet stack radius to that 
at the axis needs to be calculated from 

s30 r 

.30 I 
6 12 18 24 30 36 42 48 54 

20 % 
12 00 12.05 12 10 12.15 12 M 

Frequency, GHz Cavity number 
I Figure 4.-Model and experimental results for small-signal gain as function 

of frequency for Communications Technology Satellite traveling-wave tube. 
(PINDBM = 0, VOB = 11  300, IOBMA = 71.) 

Figure 5.-Experimental axial magnetic field at axis of Communications 
I 
I Technology Satellite traveling-wave tube (from ref. 6). 
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00 

anlo ( kna 

(31) 
Bo ( r  = a,z = gap center) - n =  1 - 
B, ( r  = 0,z = gap center) 00 c an 

n = l  

where an is determined from equation (24). For this tube the 
ratio is 1.25, and thus the input is determined to be 0.1875 
T for the first 28 sections and 0.2750 T for the next 30 sections 
(BO = 28.0.1875, 30.0.2750). 

With the above magnetic field specifications, the two- 
dimensional model was run at small signal (PINDBM = 0) 
with both one ring and three rings (fig. 4). Results for both 
one and three rings were virtually identical to that for the one- 
dimensional model. This gives confidence that the model code 
is error free and also indicates that the one-dimensional model 
is adequate to determine the small-signal gain. 

Next, results at saturation at the center frequency of 12.10 
GHz were compared. To determine the input power needed 
for saturation, runs were made scanning power input 
(PINDBM) with the one-dimensional specification. The 
resulting efficiency as a function of input power plot of figure 
6 indicates that saturation occurs for an input power of 24 dBm. 
This compares well with the experimentally obtained value 
of 23 dBm. 

At saturation (PINDBM = 24), the two-dimensional model 
with one, two, three, and four rings was compared with the 
one-dimensional model and experimental data, and the results 
are shown in table I. The results from all the models compare 
well with experiment in gain and beam efficiency. The 
experimental results indicate an interception of 6 percent, 
whereas the two-dimensional models have only 1 -percent 
interception. This is probably because thermal electrons were 
not taken into account. 

TABLE 1.-GAIN, BEAM EFFICIENCY, AND 
INTERCEPTION FOR ONE- AND 

AND EXPERIMENT 

[CTS TWT at saturation at 12.10 GHz.] 

TWO-DIMENSIONAL MODELS 

Model 

One-dimensional 
Two-dimensional 

One ring 
Two rings 
Three rings 
Four rings 

Experiment 

Gain, 
dB 

29.4 

28.8 
28.8 
28.8 
29.0 
30.4 

Beam 
efficiency, 

percent 

21.3 

23.6 
24.0 
23.8 
24.9 
24.9 

Interception, 
percent 

24 
28 c 

E : m  

16 

W " 
L W 

k 
U c W 

U 

W 

.- 
5 12 

5 
0) 

m 8  

4 

0 
Inputpower, Pin. dBm 

Figure 6.-Beam efficiency as function of input power for one-dimensional 
model with backward wave at frequency 12.10 GHz for Communications 
Technology Satellite traveling-wave tube. 

A small decrease occurs in both the gain and efficiency in 
going from the one- to two-dimensional model. This is 
primarily due to the beam interception in the two-dimensional 
model. There is virtually no difference among the results with 
one, two, and three rings. This gives added confidence that 
the code is error free and indicates that the one-ring model 
is adequate for modeling the two-dimensional electron 
trajectories. The accuracy is only minimally improved by 
increasing the number of rings. 

Conclusions 
The NASA large-signal, two-dimensional computer model 

for a coupled-cavity traveling-wave tube was described, and 
details of specifying the input were given. The model was 
tested by comparing its results to those of the one-dimensional 
model and experimental data for the CTS TWT. The 
agreement was excellent at both small-signal and saturation. 

It was found that the one-ring, two-dimensional model gave 
very good results, and accuracy was not improved measurably 
when more rings were used. Although the one-dimensional 
model is adequate for calculating gain and efficiency, the two- 
dimensional model computes the trajectories necessary for 
designing the magnetic focusing and calculating the beam 
entrance conditions required for multistage collector design. 

Lewis Research Center 
National Aeronautics and Space Administration 
Cleveland, Ohio, October 28, 1986 
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Appendix-Sample Dataset for CTS TWT at 12.10 GHz 

Input end. A negative value of ACM causes the program to 
terminate. As written, this file makes five passes through the 
tube. Changing KAV13 to 59 results in one-dimensional 
calculations. 

This input dataset corresponds to the two-dimensional, one- 
ring run at 12.10 GHz of figure 4. The number of passes is 
controlled by the number of "&INPUT &END" lines at the 
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MU=58*1., 
NBWM=58, 
NB Z DAT=O , 
NCAVSS= 1, 
ND 1 SK:S=24, 
NMAX=40, 
NP(SR 1 D=2(:), 
NPSC-20, 
NKINGS=l ,  
NVEL= 1, 
NXGRD1=16, 
NXGRD3=16, 
NXMAG= 16, 

P I  NDBM=O . , 
TOLDV= .(:)25, 
TOLSC=. (:)25, 

TOLTEL= 1. E-03, 
TWOGCM=39*0.(:)965,3*0.09 14,O. C)899,0. 0879,O. 0843,O. (:)808, 
5 W .  0772, 0. 0739, (2.  070 1 , 5~:). (j660, 
V JUMF'=58*(:). , 
Z I MF=40(:). ,78C). , 1375. ,6* 1725. , 1375. , 
78O. , 2*400. , 78O. , 1375. , 1 O* 1725. , 1375. , 78O. , 2*46O. , 780. , 
1375. ,8*1725., 3*1795., 1710., 1620., 153:). ,1440., 5*1350., 
1240. , 1 120. , 2* 10 15. , €3 10. , 500. , 3C10. 

PCDFA=O., 

VOB= 1 13(:)(:). , 

&END 

$4 I NFUT &END 
$4 1 NPUT &END 
$4 I NPUT &END 
$41 NPUT &END 
&INI'UT %<END 
&INPUT ACM=-1000. &END 
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Output After Fifth Pass 

CAV VMAG ISMAG 
1 0 . 8 2 2 2 0 E t 0 0  0 . 0 0 0 0  
2 0 . 1 3 3 6 6 E t 0 1  0 . 0 0 0 1  

ISPHA LS G A I N  
- 0 . 8 3 7 7  - 0 . 0 0 1 1  

0 . 1 5 1 0  - 0 . 0 9 2 0  

POUT 
0 . 0 0 0 0  
0 , 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  

0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 1  
0 . 0 0 0 1  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 1  
0 . 0 0 0 1  
0 . 0 0 0 2  
0 . 0 0 0 2  
0 . 0 0 0 3  
0 . 0 0 0 4  
0 . 0 0 0 5  
0 . 0 0 0 6  
0 . 0 0 0 7  
0 . 0 0 0 9  
0 . 0 0 1 3  
0 . 0 0 1 7  
0 . 0 0 2 3  
0 . 0 0 2 9  
0 . 0 0 3 3  
0.0032 
0 . 0 0 2 7  
0.0020 
0 . 0 0 1 3  
0 . 0 0 1 1  
0 . 0 0 1 4  
0 . 0 0 1 8  
0 . 0 0 1 8  
0 . 0 0 1 5  
0 . 0 0 1 3  
0 . 0 0 1 3  

o.oooo 

AVERHO 
0 . 3 4 8 5  
0 . 3 3 4 5  
0 . 3 1 4 8  
0 . 2 9 4 3  
0 . 2 7 7 5  
0 . 2 6 9 0  
0 . 2 7 1 4  
0 . 2 8 4 1  
0 . 3 0 3 1  
0 . 3 2 3 9  
0 . 3 4 1 8  
0 . 3 5 2 3  
0 . 3 5 3 0  
0 . 3 4 3 9  
0 . 3 2 6 9  
0 . 3 0 6 2  
0 . 2 8 6 8  
0 . 2 7 3 0  
0 . 2 6 9 0  
0 . 2 7 6 1  
0 . 2 9 2 0  
0 . 3 1 2 2  
0 . 3 3 2 3  
0 . 3 4 7 5  
0 . 3 5 4 0  
0 . 3 5 0 5  
0 . 3 3 7 8  
0 . 3 1 8 8  
0 . 2 7 8 1  
0 . 2 0 9 9  
0 . 1 4 5 9  
0 . 1 2 4 9  
0 . 1 6 2 9  
0 . 2 3 2 3  
0 . 2 9 4 7  
0 . 3 2 2 9  
0 . 3 0 6 3  
0 . 2 5 0 9  
0 . 1 8 0 0  
0 . 1 3 1 1  
0 . 1 3 3 0  
0 . 1 8 4 7  
0 . 2 5 2 6  
0 . 3 0 5 9  
0 . 3 2 9 9  
0 . 3 2 4 1  
0 . 2 9 3 7  
0 . 2 4 6 5  
0 . 1 9 5 3  
0 . 1 5 6 3  
0 . 1 4 5 3  
0 . 1 6 5 0  
0 . 2 0 5 3  
0 . 2 5 2 3  
0 . 2 9 8 1  
0 . 3 3 4 0  
0 . 3 5 4 8  
0 . 3 5 6 8  

RMSANO 
0 . 0 0 6 3  
0 . 0 1 1 2  
0 . 0 1 3 2  
0 .0122  
0 . 0 0 8 5  
0 . 0 0 2 0  
0 . 0 0 5 1  
0 . 0 1 0 6  
0 . 0 1 3 1  
0 .0128  
0 .0094  
0 . 0 0 3 7  
0.0028 
0 . 0 0 8 7  
0 .0125  
0 . 0 1 3 2  
0 .0110  
0 .0060  
0 . 0 0 1 1  
0 .0077  
0 . 0 1 1 9  
0 . 0 1 3 3  
0 . 0 1 1 7  
0 . 0 0 7 1  
0 . O O l l  
0 .0054  
0 . 0 1 0 5  
0 .0130  
0 . 0 3 7 6  
0 . 0 4 6 4  
0 . 0 3 1 3  
0 . 0 0 6 3  
0 . 0 3 8 8  
0 . 0 4 5 9  
0 . 0 3 1 1  
0 . 0 0 4 1  
0 .0247  
0 . 0 4 3 8  
0 . 0 4 3 0  

RMSVEL 
0 . 0 0 2 0  
0 . 0 0 3 6  
0 . 0 0 4 2  
0 . 0 0 3 9  
0 . 0 0 2 7  
0 . 0 0 0 6  
0 . 0 0 1 6  
0 . 0 0 3 4  
0.0042 
0 . 0 0 4 1  
0 . 0 0 3 0  
0 . 0 0 1 2  
0 . 0 0 0 9  
0.0028 
0 . 0 0 4 0  
0.0042 
0 . 0 0 3 5  
0 . 0 0 1 9  
0 . 0 0 0 3  
0 . 0 0 2 5  
0.0038 
0.0042 
0 . 0 0 3 7  
0 . 0 0 2 3  
0 . 0 0 0 4  
0 . 0 0 1 7  
0 . 0 0 3 3  
0 . 0 0 4 1  
0 . 0 1 1 9  
0 . 0 1 4 8  
0 . 0 1 0 0  
0.0020 
0 . 0 1 2 3  
0 . 0 1 4 6  
0 . 0 0 9 9  
0 . 0 0 1 3  
0 . 0 0 7 9  
0 . 0 1 3 9  
0 .0137  

PKE 
0 . 0 0 0 0  

- 0 . 0 0 0 1  
-0.0002 

INTRC 
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . o o o o  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  

PRF 
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  

PBW 
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  

0 . 0 0 0 1  - 0 . 0 0 0 1  
0 . 0 0 0 0  - 0 . 0 0 0 1  
0 . 0 0 0 0  - 0 . 0 0 0 1  
0 . 0 0 0 0  - 0 . 0 0 0 2  
0 . 0 0 0 0  -0.0002 
0 . 0 0 0 1  - 0 . 0 0 0 1  
0 . 0 0 0 1  - 0 . 0 0 0 1  
0 . 0 0 0 2  - 0 . 0 0 0 2  
0.0002 - 0 . 0 0 0 2  
0 . 0 0 0 3  - 0 . 0 0 0 1  
0 . 0 0 0 4  - 0 . O O O I  

0 . 0 0 0 6  -0.0002 
0 . 0 0 0 7  - 0 . 0 0 0 1  
0 . 0 0 0 9  - 0 . 0 0 0 1  
0 . 0 0 1 3  -0.0002 
0 . 0 0 1 7  - 0 . 0 0 0 3  
0 . 0 0 2 3  - 0 . 0 0 0 2  
0 . 0 0 2 9  - 0 . 0 0 0 1  
0 . 0 0 3 3  0 , 0 0 0 0  
0 . 0 0 3 2  -0.0002 
0 . 0 0 2 7  - 0 . 0 0 0 4  
0.0020 - 0 . 0 0 0 6  
0 . 0 0 1 3  - 0 . 0 0 0 6  
0 . 0 0 1 1  - 0 . 0 0 0 5  
0 . 0 0 1 4  - 0 . 0 0 0 3  
0 . 0 0 1 8  - 0 . 0 0 0 2  
0 . 0 0 1 8  - 0 . 0 0 0 1  
0 . 0 0 1 5  0 . 0 0 0 0  
0 . 0 0 1 3  0 . 0 0 0 0  
0 . 0 0 1 3  0 . 0 0 0 0  

0 . 0 0 0 5  - 0 . 0 0 0 2  

~. 
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  

.... 
0 0 0 3  
0 0 0 7  
0 0 1 2  
0 0 1 9  
0 0 2 9  
0 0 4 0  
0052 
0 0 6 6  
0 0 8 1  
0 0 9 6  

- 0 . 0 0 0 3  
- 0 . 0 0 0 5  
- 0 . 0 0 0 5  
- 0 . 0 0 0 5  
- 0 . 0 0 0 4  
- 0 . 0 0 0 3  
-0.0002 
- 0 . 0 0 0 1  

0 . 0 0 0 0  
0 . 0 0 0 0  

- 0 . 0 0 0 1  
- 0 . 0 0 0 2  
- 0 . 0 0 0 3  

0 . 0 0 0 0  1 . 0 0 0  
0 . 0 0 0 0  1 . 0 0 0  
0 . 0 0 0 0  1 . 0 0 0  
0 . 0 0 0 0  1 . 0 0 0  
0 . 0 0 0 0  1 . 0 0 0  
0 . 0 0 0 0  1 . 0 0 0  

- 0 . 0 1 3 6  1 . 4 9 6 6  
0 . 7 3 5 3  2 . 3 9 8 9  

- 0 . 5 1 5 7  3 . 2 4 5 8  
0 . 2 3 3 2 - 1 5 . 0 6 1 9  
0 . 9 8 2 7  - 7 . 6 3 4 8  

- 0 , 2 6 6 0  - 2 . 2 8 1 5  
0 . 4 8 5 2  1 . 8 4 6 5  

- 0 . 7 6 4 6  4 . 7 6 7 0  
- 0 . 0 2 3 7  6 . 9 8 9 1  

- 0 . 5 6 3 9  1 0 . 2 3 4 9  
0 . 1 5 2 4  1 1 . 4 6 9 5  
0 . 8 5 5 2  1 2 . 5 1 7 3  

- 0 . 4 4 6 9  1 3 . 4 4 3 7  

0 , 7 1 0 5  a . 7 6 6 1  

1 3  0 . 4 3 9 9 2 E t 0 0  
1 4  0 . 7 4 0 2 0 E t 0 0  
1 5  0 . 1 1 1 7 1 E t 0 1  
1 6  0 . 2 9 4 5 7 E t 0 1  
17  0 . 4 4 3 6 1 E t 0 1  
18 0 . 4 9 0 5 3 E t 0 1  
19 0.49246Et01 
26 6 . 6 1 4 8 3 E t O l  
2 1  0 . 7 9 2 8 7 E t 0 1  
22 0 . 8 5 8 5 1 E t 0 1  
2 3  0 . 8 3 6 6 8 E t 0 1  
24 0.82377E101 
2 5  0 . 1 1 1 3 1 E + 0 2  
2 6  0 . 1 0 6 3 5 E t 0 2  
27 0 . 8 5 6 2 4 E t 0 1  
2 8  0 . 7 2 3 4 5 E t 0 1  
2 9  0 . 9 1 4 1 2 E t 0 1  
30  0 . 1 4 0 3 6 E t 0 2  
31  0 . 1 0 2 5 9 E t 0 2  
32  0 . 2 2 1 5 3 E t 0 2  
33 0 . 3 6 0 4 7 E + 0 2  
34 0 . 3 3 8 6 2 & + 0 2  
3 5  0 . 1 1 9 2 8 E + 0 2  
36 0 . 2 2 9 1 2 E t 0 2  
37  0 . 4 8 4 3 4 E t 0 2  
38 0 . 4 9 8 2 6 E t 0 2  
39 0 . 2 5 4 9 3 E t 0 2  

0 . 0 1 1 1  
0 . 0 1 2 4  
0 . 0 1 3 7  
0 . 0 1 4 7  
0 . 0 1 5 3  
0 . 0 1 5 7  

0 . 0 1 6 3  
0 . 0 1 6 7  
0 . 0 1 7 4  
0 . 0 1 9 1  
0 . 0 2 1 6  
0 . 0 2 5 6  
0 . 0 3 0 6  
0 . 0 3 6 6  
0.0432 
0 . 0 4 9 4  
0 . 0 5 4 4  
0 . 0 5 9 8  
0 . 0 6 4 7  
0 . 0 6 6 0  
0 . 0 6 5 0  
0 . 0 6 6 0  
0 . 0 6 8 6  
0 . 0 6 9 6  
0 . 0 7 1 8  
0 . 0 8 0 9  

0 . 0 1 6 0  

0 . 0 0 0 0  
0 . 0 0 0 0  - 0 . 0 0 0 4  

- 0 . 0 0 0 5  
- 0 . 0 0 0 5  
- 0 . 0 0 0 5  
- 0 . 0 0 0 4  
- 0 . 0 0 0 3  
- 0 . 0 0 0 1  
- 0 . 0 0 0 1  

0 . 0 0 0 0  
- 0 . 0 0 0 1  
- 0 . 0 0 0 2  
- 0 . 0 0 0 3  
- 0 . 0 0 0 5  
- 0 . 0 0 1  1 
- 0 . 0 0 1 7  
- 0 . 0 0 2 0  
- 0 . P O l 6  
- 0 . 0 0 1 0  
- 0 . 0 0 0 6  
- 0 . 0 0 0 5  
- 0 . 0 0 0 7  
- 0 . 0 0 1 2  
-0.0018 

...__. 
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 1  

. . . . - . . . . . . . . 
0 . 2 5 2 4  14.2926 
0 . 9 5 8 7  1 5 . 1 1 5 5  

- 0 . 3 2 9 5  1 5 . 8 5 1 2  
0 . 3 9 1 6  1 6 . 6 6 5 4  

-0.8803 1 7 . 3 9 2 4  
- 0 . 1 4 8 7  - 2 . 1 1 0 7  

0 . 5 8 7 4  5 . 3 0 4 5  
- 0 . 6 7 7 5  1 0 . 6 8 7 8  

0.0002 0 . 9 9 9  
0 . 0 0 0 2  1 . 0 0 0  
0 . 0 0 0 2  1 . 0 0 0  
0.0002 1 . 0 0 0  

0.0002 0 . 0 0 0 3  0 . 9 9 9  0 . 9 9 9  
0 . 0 1 8 0  0 . 0 0 5 7  -0.002s 
0 . 0 2 0 5  0 . 0 0 6 5  - 0 . 0 0 2 7  
0.0442 0 . 0 1 4 1  -0.0024 
0 . 0 4 4 4  0 . 0 1 4 1  -0.0020 
0 .0175  0.0088 - 0 . 0 0 2 0  
0 . 0 0 7 7  0 . 0 0 2 5  - 0 . 0 0 2 6  
0 . 0 1 5 9  0 . 0 0 5 1  - 0 . 0 0 3 5  
0 . 0 3 2 4  0 . 0 1 0 3  - 0 . 0 0 4 1  
0 . 0 4 1 2  0 . 0 1 3 1  -0.0042 
0 . 0 3 8 1  0 . 0 1 2 1  - 0 . 0 0 4 0  
0 .0216  0.0068 - 0 . 0 0 3 9  
0 . 0 0 5 7  0 . 0 0 1 8  - 0 . 0 0 3 0  
0 0 2 7 5  0 0 0 8 7  - 0  0028 
0 1 0 4 1 4  0:0132 -0:OOZS 
0 . 0 4 4 7  0 . 0 1 4 2  - 0 . 0 0 3 0  
0 . 0 3 9 3  0 . 0 1 2 5  - 0 . 0 0 2 9  
0 . 0 2 7 4  0 . 0 0 8 7  -0.0125 
0 . 0 1 1 6  0 . 0 0 3 7  -0.0022 
0 . 0 0 7 8  0 . 0 0 2 5  - 0 . 0 0 2 2  

4 0  0 . 3 0 0 0 7 E t 0 2  0 . 0 9 4 8  - 0 . 1 9 9 5  2 6 . 6 3 6 3  
4 1  0 . 6 4 5 2 2 E t 0 2  0 . 1 0 8 4  0 , 5 6 3 2  2 7 . 6 7 2 9  
4 2  0 . 6 8 0 6 1 E t 0 2  0 . 1 2 4 9  - 0 . 6 7 1 7  28.8200 
4 3  0 . 4 4 0 3 7 E t 0 2  0 . 1 4 7 2  0 . 0 9 4 8  3 0 . 0 6 4 0  
44 0 . 6 2 2 0 2 E t 0 2  0 . 1 7 2 3  0 . 9 0 1 4  3 1 . 3 7 4 1  

0 . 6 3 8 2  
- 0 . 4 2 4 0  

0 . 5 4 0 2  
- 0 . 4 8 9 5  

0 . 4 8 9 5  
- 0 . 5 2 3 5  

0 . 4 9 3 2  
- 0 . 4 4 0 9  

0 . 6 6 8 6  
- 0 . 2 0 6 4  

0 . 9 0 9 5  
0 . 0 1 9 6  

- 0 . 1 7 6 7  
[TIES  
1 . 0 1 0 5 3  

3 3 . 6 2 5 8  
3 4 . 1 6 6 4  
34.0884 
3 3 . 3 5 5 1  
3 1 . 9 5 4 9  
3 0 . 2 0 0 4  
2 9 . 3 9 2 9  
3 0 . 3 8 8 2  
3 1 . 5 2 7 8  
3 1 . 6 5 6 0  
3 0 . 8 4 9 4  
3 0 . 0 2 8 0  
3 0 . 0 6 1 3  

1 . 0 0 8 6 7  1 . 0 0 6 3 9  
0 . 9 8 9 9 4  

- 0 . 0  0 2 9 8  
- 0 . 0 0 0 3 0  

1 . 0 0 3 8 5  1 . 0 0 1 1 1  
0 . 9 9 2 9 5  0 . 9 9 6 3 5  

- 0 . 0 0 2 9 4  -0.00321 
-0.00038 - 0 . 0 0 0 6 4  

0 . 9 9 8 1 9  
1 . 0 0 0 1 0  

- 0 . 0 0 3 7 0  
- 0 . 0 0 1 1 3  

1 . 0 0 0 0 0  
1 . 0 0 0 0 0  

0 . 3 5 8 3 4  
0 . 3 4 5 6 8  

0 . 9 9 5 2 1  
1 . 0 0 3 6 9  

- 0 . 0 0 3 9 0  
- 0 . 0 0 1 5 8  

1 . 0 0 0 0 0  
1 . 0 0 0 0 0  

0 . 3 6 4 3 0  
0 . 3 4 1 3 2  

0 . 9 9 2 4 0  
1 . 0 0 6 7 1  

- 0 . 0 0 3 7 5  
- 0 . 0 0 1 8 9  

1 . 0 0 0 0 0  
1 . 0 0 0 0 0  

0 . 3 6 9 5 0  
0 . 3 3 8 8 9  

0 . 9 8 9 9 4  
1 . 0 0 9 1 6  

. 0 . 0 0 3 3 5  

. o  . 0 0 2 1  1 

1 . 0 0 0 0 0  
1 . o o o o o  
0 . 3 7 4 7 7  
0 . 3 3 8 5 6  

0 . 9 8 7 9 7  
1 . 0 1 0 7 6  

- 0 . 0 0 2 7 1  
- 0 . 0 0 2 4 2  

0 . 9 8 6 4 6  0 . 9 8 5 7 9  0 . 9 8 6 2 1  

- 0 . 0 0 2 8 1  - 0 . 0 0 3 0 1  - 0 . 0 0 3 0 3  
- 0 . 0 0 1 9 1  - 0 . 0 0 1 2 4  - 0 . 0 0 0 6 4  

1 . 0 0 0 0 0  1 . 0 0 0 0 0  1 . 0 0 0 0 0  
1 . 0 0 0 0 0  1 . 0 0 0 0 0  1 . 0 0 0 0 0  

0 . 3 3 8 6 5  0 . 3 4 0 0 1  0 . 3 4 0 9 8  
0 . 3 8 1 1 5  0 . 3 8 5 4 4  0 . 3 8 1 7 8  

NORMALIZED RADIAL VELOCITIES 

NORflALIZED R I N G  MISSES 

R I N G  R A D I U S  DIVIDED BY A 

0 .  

- 0 .  
- 0 .  

1. 
1. 

0 .  
0 .  

9 8 7 7 2  

0 0 3 0 7  
0 0 0 3 3  

0 0 0 0 0  
0 0 0 0 0  

3 4 3 7 0  
3 7 4 1 5  

1 . 0 0 0 0 0  
1 . 0 0 0 0 0  

1 . 0 0 0 0 0  1 . 0 0 0 0 0  
1 . 0 0 0 0 0  1 . 0 0 0 0 0  

1 . 0 0 0 0 0  
1 . 0 0 0 0 0  

0 . 3 7 9 8 8  
0 . 3 3 8 6 4  

0 . 3 4 7 7 9  
0 . 3 6 7 0 7  

0 . 3 4 8 4 1  0 . 3 5 1 6 7  
0 . 3 6 0 2 4  0 . 3 5 2 6 0  
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